ABSTRACT: Research regarding chemical protective clothing (CPC) focuses on human comfort, clothing performance, and the heat strain associated with wearing protective materials. These studies are usually limited to one or two fabric/garment characteristics (e.g., garment weight, barrier permeability), and most of the research has been specific for certain tasks or garments. A systematic approach is needed in order to offer a comprehensive analysis on the performance of CPC and provide a technical basis for predicting comfort. This research measures the physical and thermal comfort related properties of CPC with available bench-scale methods and predicts the comfort level and heat strain based on the mechanical and physical properties of the material. Five articles of CPC and one fabric sample, with various chemical protective qualities, were evaluated with respect to mechanical and comfort related heat and moisture transfer properties. The results obtained were analyzed, and the physical burden and heat stress a human would experience when wearing these CPC fabrics were investigated. Comparisons and correlations between these properties and their contribution to clothing performance and human comfort are discussed. A full analysis of the physical and moisture related properties of the selected CPC fabrics is provided.
Introduction
Chemical protective clothing (CPC) is designed to prevent damage to the body and fatalities from the effects of chemical and biological substances. The provision of bulk and the use of enclosure are two common ways for protective garments to isolate humans from hazardous substances [1] . However, in both cases, comfort and work efficiency are compromised in achieving the desired protection. Work performance and mobility are impaired when bulky and thick fabrics are used to block or absorb chemicals and biological agents. When an impermeable clothing system is used, air and water vapor cannot circulate between the body and the environment, severely limiting the body's heat dissipating mechanisms [1, 2] .
Comfort is a complicated mix of subjective sensations. According to Slater [3, 4] , comfort involves physiological, psychological, and physical aspects. Psychological comfort is related to the subjective opinion of the clothing wearer and is therefore impossible to evaluate objectively. Physiological comfort (also referred to as thermo-physiological comfort or thermal comfort) relates to the way clothing buffers and dissipates moisture and heat [4] . When assessing thermal comfort, a variety of thermal and moisture management properties must be considered [5] [6] [7] ; these include the fabric's thickness, weight, thermal insulation, resistance to evaporation, water repellence, air holding, and air permeability [5] . Physical comfort is correlated with the interaction of the clothing with the senses of the wearer [4, 5] . Physical comfort can include not only the feel of the fabric against the skin but also the physical burden (weight, restriction of motion) of the whole garment. Tactile sensations such as prickliness, itchiness, stiffness, and smoothness are determined by the mechanical properties of the fabric or fiber and can be predicted by means of the mechanical simulation of skin-fabric interaction [8] .
For a worker, thermal comfort relates directly to the heat stress experienced and the duration of a work shift; thus it is a critical attribute of the worker's clothing. A physical burden increases the work load and impairs work performance, resulting in a shortened work time and/or lower work efficiency. Tactile sensations, although they do not influence thermal or physical strain directly, contribute to the overall discomfort of the wearer and are therefore important factors in the endurance and work performance of CPC fabrics. The thermal and physical comfort of CPC can be measured directly through expensive, time-consuming, and poorly reproducible wear trials or predicted through correlated bench-scale laboratory tests [8] [9] [10] .
In this study, several objective evaluation methods were chosen to characterize the physiological and physical comfort of CPC. The Kawabata Evaluation System (KES) was used to measure fabric's mechanical properties at low stress in order to evaluate the physical burden and tactile sensations a wearer would experience. A Measurement Technology Northwest sweating guarded hot plate and a dynamic moisture permeation cell (DMPC) were used to assess the transfer of heat and moisture through the test materials.
Materials and Methods

CPC Materials Tested
Six fabrics made from different materials and providing different levels of protection were investigated; three materials were double layered, and three were single layered. The material characteristics of the fabrics tested are outlined in Table 1 . Fabrics S, V, M, C, and G are similar-hooded coveralls with a front zipper. Single layer fabrics S, V, and M have an identical design with elastic at the edges of the hood, wrists, and ankles. Fabrics C and G have more detailed designs including pockets on the chests, thighs, and upper arms and Velcro at the wrists and ankles; fabric G has a belt. The garment design of fabric P is still under development, and the tested material was received in swatches. Sketches of the garment designs are shown in Fig. 1 .
These materials were selected not only for this study but also for a bigger project involving manikin tests, human trials, and comfort prediction. The variety of material types, protection levels, and different applications was taken into consideration, as were reasonable similarity and comparability.
Samples for tests (except P) were cut from the coveralls following the sampling rule that no two specimens for the same test could contain the same warp and weft yarns. The fabric samples were conditioned according to ASTM D1776 [11] at 20 C 6 1 C and 65 % 6 2 % relative humidity for at least 24 h prior to testing, unless otherwise specified. 
Methods
Fabric Mechanical and Surface Properties-The KES was developed by the Japanese scientist Kawabata and his coworkers in 1970. This system measures the mechanical properties of fabric at low stress with high sensitivity, simulating the forces encountered when handling a fabric. Mechanical properties, including tensile, shearing, bending, compression, and surface properties, are tested in ways that imitate the effect of fingers and/or the entire hand while they touch and crumple the fabrics [12] . Table 2 shows the parameters that can be obtained from the KES.
The KES is used widely for testing fabric stiffness, thickness, extensibility, appearance retention, surface smoothness, and bulkiness [12] [13] [14] [15] . It also provides "total hand" values and evaluates fabrics for specific end uses according to the recommended values [16] . In a few studies [17] [18] [19] , fabric mechanical and surface property data from Kawabata tests were interpreted so as to predict the tactile comfort of the fabrics. Physical comfort is essentially a result of how much physical stress is generated in the fabric during wear and how stress is distributed over the skin and to the muscles. For example, when an individual is walking, the physical burden he or she encounters includes the weight of the fabric; friction between garment surfaces; and physical strains caused during stretching, bending, and shearing of the fabric. The heavier, rougher, and stiffer the fabric is, the greater the physical burden. Therefore, the physical comfort associated with wearing CPC has a strong relationship with the mechanical and surface properties of the fabric. In this study, the KES was used to determine the tensile, shearing, bending, compression, surface friction, and roughness properties of the CPC fabrics tested. The tactile sensation and physical burden of the fabrics were then predicted through the analysis of the individual attributes and comparisons of the fabric types tested.
Heat and Moisture Transfer Properties-Human body temperature is relatively constant at 37 C through continuous energy exchange with the environment. In order for a body to maintain thermal equilibrium, metabolic heat must be dissipated via moisture transfer (i.e., evaporation) and heat transfer (i.e., radiation, convection, and conduction). Conductive heat exchange is generally considered minimal and can be disregarded. Body heat loss at rest and in neutral environments is due to convection (10 % to 15 %), radiation (60 %), and evaporation (20 % to 30 %) [20] . In a warm environment or at high work intensity, evaporative heat loss plays a much more dominant role. Therefore, in evaluating the thermal comfort of CPC, the most important factors are the heat and moisture transfer properties.
Steady State Heat and Vapor Transmission-The sweating guarded hot plate, also called the "skin model," tests the thermal and evaporative heat transfer properties of a fabric system and the air layer above it. The resistance to dry heat transfer (R ct ) obtained from a dry test reflects the heat transfer properties of the whole fabric system-that is, the combined effects of conduction, convection, and radiation of heat from the hot plate surface through the material to the environment. The resistance to evaporative heat transfer (R et ) is related to the flow of moisture from the saturated hot plate surface through the material to the environment. This method has been widely used in comfort studies to simulate the heat and mass transfer conditions of a clothed body.
The dry and evaporative heat transfer properties of CPC materials were measured using a sweating guarded hot plate in an environment of 25 C and 65 % relative humidity, according to the test procedures described in Part C of ASTM F1868 [21] .
Air Permeability-Air permeability is important for thermal comfort. High permeability allows air to access the skin surface, enhancing the evaporation of perspiration. The air permeability of the fabrics was measured according to ASTM D737 [22] .
Diffusion/Convection Test Method-CPC materials can be partially or totally air impermeable [23] . In totally impermeable materials, air flow through clothing layers is not possible; thus moisture vapor can get out of the clothing system only through vapor diffusion. However, if the fabric is air-permeable and there is a pressure gradient across the fabric, air flow through the fabric (convection) will take place and will have an impact on vapor diffusion, as shown in Fig. 2 . Air flow can be in a direction that is the same as or opposite to that of vapor diffusion; air flow is determined by the pressure gradient. Correspondingly, convection opposes or aids vapor diffusion flux.
The DMPC was developed by Gibson in 1997 [24] . This method measures water vapor diffusion resistance and air permeability (resistance to air flow) in the same test. In this test, the pressure drop across the sample is systematically changed in order to produce different air flows through the fabric [25] . Because there is a humidity difference across the sample, the water vapor diffusion property can also be determined from this test. At 0 pressure drop, the true water vapor diffusion resistance property and the true water vapor transmission rate are verified [24, 26] , as shown in Fig. 3 . CPC materials are designed to offer different levels of protection and to serve in various environments. The DMPC can be used to simulate different environmental conditions such as hot or cold, dry or humid, windy or mild, or high or low humidity. The DMPC can also indicate the effect of air flow on water diffusion. Moreover, the DMPC test can be performed much faster and requires a much smaller specimen size than the sweating hot plate test. Therefore, the DMPC is a very useful and efficient test for evaluating the thermal comfort of CPC, especially in cases in which evaporative heat transfer is the main concern.
Air permeability, true water vapor diffusion, and true water vapor transmission rates were tested according to Part B of ASTM F2298 [26] . The test conditions were as follows:
Temperature ¼ 30 C Sample area ¼ 10 cm 
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Pressure drop varied in increments between approximately À 150 and 150 Pa. The liquid moisture management property is an important factor in thermal and sensorial comfort. As a textile material transports liquids away from the body, it reduces the sensation of wetness and creates more surface area for water to evaporate from. However, most CPC materials are not designed to be worn right next to the skin. Instead, undergarments with good liquid moisture transport properties are usually worn underneath CPC. Therefore, liquid moisture management associated with wearing CPC is not recognized as a main concern.
Results and Discussion
Fabric Mechanical and Surface Properties
Fifteen parameters describing the fabric mechanical and surface properties measured by the KES are shown in Table 3 . Tensile Properties-In the tensile test, tensile linearity (LT), tensile energy (WT), and tensile resilience (RT) were evaluated. LT is the linearity of the stress-strain curve, which reflects the elasticity of the fabric [27] . A higher value of LT represents a stiffer fabric. WT is defined as the energy required in order to extend a fabric, i.e., the ability of a fabric to withstand external stress during extension. The RT is defined as the ability of a fabric to recover after the application of tensile stress; it is a measure of the percentage of energy recovery from tensile deformation [27] . A reduced fabric RT value implies that it is difficult to restore the fabric to its original shape after releasing the applied tensile stress. With regard to CPC, fabrics with high WT and RT values, as well as with low LT values, possess excellent tensile strength and reasonable stretchiness to allow movement. As shown in Fig. 4 , fabric G has the lowest LT and relatively high WT and RT values; thus the comfort-related tensile properties of fabric G are good. With the highest WT and a higher LT than the other fabrics tested, fabric P is stronger and stiffer than the other fabrics. Fabric V, with a low RT of 42.32 %, is the fabric mostly likely to become loose in shape due to tensile stress. The tensile and recovery behaviors of these fabric systems can also be compared with load-elongation curves, as demonstrated in Fig. 5 . The curves of fabric V, lying to the right of the others, suggest its high extensibility, which is an advantage in terms of the freedom of motion of the person wearing the garment. The fabric M curves are on the very left of the chart, showing that it has the least extensibility of all the fabrics and might restrict the movement of the wearer. Compared with the other fabrics, fabric V has low tensile resilience and thus low appearance retention. This can affect both aesthetics and fit if the fabric is used to construct reusable CPC.
Bending-Bending rigidity (B) is defined as the ability of a fabric to resist the bending moment. Bending hysteresis (2HB) is defined as the ability of a fabric to recover after being bent. Bending properties affect both the handling and the flexibility of a fabric; B is related to the quality of stiffness when a fabric is handled. A higher B value indicates greater resistance to bending. Generally, a fabric with low B and low 2HB values has good bending properties [14] .
As described in Fig. 6 and Fig. 7 , fabric M has extremely high B and 2HB values compared to the other fabrics tested. This indicates that fabric M is hard to bend and, once bent, it is hard for fabric M to recover its original shape. Because walking, lifting, etc., require bending of the fabric, fabric M would be 
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expected to resist these movements, placing a large mechanical burden on the wearer.
Shearing Properties-The shear rigidity G is defined as the ability of a fabric to resist shear stress. The shear rigidity of a fabric depends mainly on the mobility of the warp/weft threads within the fabric [27] . Lower values indicate less resistance to shearing, corresponding to a softer material having better drape [14, 27] . In a KES standard measurement, 2HG and 2HG5 are the hysteresis of shear force at 0.5 and 5 , respectively. Shear hysteresis is the ability of a fabric to recover after receiving shearing stress. The smaller the shear hysteresis, the better the recovery. Therefore, fabric with low G and low shear hysteresis values has superior shearing properties, as it is easy for the fabric to shear and recover [27] .
As presented in Figs. 8 and 9 , the shearing behavior of fabric M is significantly different than that of the other fabrics tested. With high G, high 2HG, and high 2HG5, fabric M has the highest resistance to shearing of all the fabrics tested. That is, in order to perform movements that involve shearing of the fabric, the highest physical work will be needed when wearing CPC consisting of fabric M. Fabrics S, V, G, and P have good shearing properties. The higher 2HG and 2HG5 of fabric C compared to those of fabrics S, V, G, and P are mainly determined by the adsorbent layer of fabric C. The adsorbent layer is foam, which does not take much force to shear; however, the recovery of this foam from shearing is not as facile as the recovery of woven fabrics. Therefore, the overall shearing behavior of fabric C is relatively poor.
FIG. 6-Bending properties obtained via the KES test.
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Compression Properties-The compression properties of the tested fabric systems (double layers are measured as a whole)-compressional linearity (LC), compressional energy (WC), and compressional resilience (RC)-were measured at three distinct points on the specimens [27] . The results for LC, WC, and RC are shown in Fig. 10 . LC shows the linearity of a compressionthickness curve. A high LC value indicates a fluffy fabric with high compressibility. WC is the work done in compressing a fabric. In the test, the highest compressing force is set up at 50 gf/cm 2 for all the fabrics. At the same force, when a fabric is easier to compress, the compressional sensor travels a longer distance across the thickness. Therefore, the higher the WC value, the higher the compressibility of the fabric. In addition, RC is defined as the ability of a fabric to retain its fullness after being compressed; i.e., RC indicates the recoverability of the fabric after the compression force is removed. A high RC value indicates good recovery from compression. Fabric with good compression properties usually possesses higher LC, WC, and RC values; the compressional properties are highly dependent on the thickness of the fabric.
In Fig. 11 , we see that at the same compressional load, fabrics M, C, and G are compressed more easily than fabrics P, V, and S. The reason that C and G can be compressed by about 1 mm is the adsorbent layer that increases their thickness. Fabric M is a single-layered laminated nonwoven sheet. The surface of M is smooth and flat; however, the back of M is fluffy like a thin layer of cotton batting. This structural feature is responsible for the compressional behavior of fabric M.
FIG. 8-Shearing properties obtained via the KES test.
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Surface Properties-Fabric surface properties, including the coefficient of friction (MIU) [27] and geometrical roughness (SMD), were measured. The MIU is the force required in order to move two surfaces over each other divided by the force holding them together; the former force is reduced once the motion has started. That is, the higher the value of MIU, the greater the friction force necessary to slide the fabric surface over an object. SMD measures the geometrical roughness of the fabric surface, or the fabric surface evenness characteristic [27] . The lower the SMD value, the more even the fabric surface will be. Generally, fabrics with low MIU and SMD values have surface properties that are more compatible with CPC. In this respect, fabrics S and G have better surface properties than the other fabrics tested, because they have lower MIU and SMD values, as demonstrated in Figs. 12 and 13 . Fabrics V and M have relatively good surface roughness; however, the friction coefficients of these two fabrics are higher than those of S, G, and P. Friction between garment surfaces can be a physical burden when the wearer is involved in low intensity activities. Fabric C has a high MIU and a high SMD; therefore, the surface properties of C are poor with respect to CPC. Although fabric P has a low MIU, it has the highest surface roughness of the fabrics tested. This is probably because of the larger yarn diameter in fabric P, WEN ET AL., doi:10.1520/STP104118 63 which makes its structure relatively loose and makes fabric P feel bumpier than the others.
Overall Physical Comfort
In the KES test, the total hand value was defined in order to give an overall assessment of the test fabric. The total hand value is a numerical scale from 0 (out of use) to 5 (excellent) that provides an evaluation of the primary quality of fabrics with regard to comfort and appearance [27] . The total hand value is correlated to and calculated based on the mechanical and surface properties of hundreds of sample fabrics [27] . It is a good indicator of the feel of a fabric for some conventional end uses-for example, men's winter suits and women's summer dresses [16, 28] . However, desirable material properties for CPC deviate greatly from those of conventional fabrics; the total hand value defined by Kawabata does not represent the overall physical comfort quality of CPC materials.
A multiaxis radar graph (Fig. 14) was plotted based on LT, B, G, SMD, and weight (W). As discussed above, CPC materials with high LT, B, G, SMD, and W values will be stiff, rigid, rough, and heavy and will contribute negatively to the physical comfort of the CPC wearer. In Fig. 14, five properties of the six different fabrics tested are marked along the corresponding axes; the five marked dots of each fabric form a pentagon. By comparing pentagon areas, we can obtain the relative overall physical comfort ranking of these fabrics. Fabric M has the largest pentagon in the chart; therefore, it is predicted to perform the worst in terms of physical comfort. The doublelayered fabrics C, P, and G have lower overall performance because of poor weight and bending properties. The lightweight single-layered fabrics S and V are expected to present less physical burden to the wearer than the other fabrics tested.
Heat and Moisture Transfer Properties
Thermal and Evaporative Resistance-Dry and evaporative heat resistance results for fabrics S, V, M, G, and C are listed in Table 4 . A still air layer, in which air movement does not take place, provides significant thermal FIG. 14-Overall physical comfort properties of CPC materials. Because the amount and size of received double-layered fabric P was limited, sweating hot plate tests were not performed on that fabric.
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insulation [7] . The thickness of the still air layer on the surface of a fabric depends on the wind speed, temperature, and material surface properties. The layer of still air contributes to the total thermal resistance of the clothing. In Table 4 , R ct is the total thermal resistance of the fabric and air layer, and R cf is the thermal resistance of the fabric only. R cf was found to be correlated to the fabric thickness, r ¼ 0.93, indicating that a thicker fabric normally provides higher thermal insulation. This is because for most clothing materials, the volume of air enclosed is far greater than the volume of the fibers [29] . Therefore, thermal insulation is highly dependent on the thickness of the material and less dependent on the fiber type. Among the CPC materials investigated, the thickest double-layered material (G) was found to have the highest thermal resistance. For thin fabrics S and V, the thermal resistances of the fabrics were even lower than the influence of the air layer. The influence on thermal resistance of materials S and V is minimal. During the design and engineering of CPC, control of the thickness is very important in the consideration of thermal comfort. In order for a human being to be thermally comfortable, both heat balance and moisture balance have to be achieved. Similar to thermal resistance, evaporative resistance was also reported for the fabric only (R ef A) and for the fabric and air layer (R et A). With permeable materials, the thickness determines the major part of the evaporative resistance. Again, as the volume of fibers is usually low compared to the enclosed air volume, resistance to the transport of water vapor through the garment is mainly determined by the thickness of the enclosed air. Coatings, membranes, or other treatments added to the fabrics have a major effect on vapor resistance, as vapor molecules must diffuse through the treated material [29] . The results for R et A and R ef A were consistent with the theories described above. Fiber S, thin and permeable, had smaller values, whereas double-layered fabrics G and C and impermeable fabrics V and M-affected by thickness and/or membrane/coating-were observed to have greater evaporative resistances.
From an overall thermal comfort point of view, fabrics S and G, with smaller R ct and R et values, are predicted to perform better than the other fabrics tested. Fabric C, with a high R ct value, prevents heat transfer to the environment; thus, more heat is captured in the fabric system, and perspiration could be accelerated. Heat stress will be aggravated in fabric M, which has the highest R et , when it is worn in a hot environment in which heat transfer is limited or when the wearer is sweating heavily.
Air Permeability-Air permeability results from ASTM D737 [22] are given in Fig. 15 . When comparing these data with the evaporative resistance data, it was found that, in general, the higher the air permeability, the lower the evaporative resistance. This is because air flow through the fabric system aids the removal of moisture. However, fabric V had very low air permeability, yet its evaporative resistance was relatively low. This fact indicates that a moisture diffusion mechanism was engineered into fabric V to allow it to be impermeable to air but permeable to water vapor. This also implies that air permeability cannot be used alone to predict thermal comfort.
DMPC Diffusion/Convection Properties-A good correlation (r ¼ 0.99) was found between the test results on water vapor diffusion resistance from the DMPC (Table 5) much smaller. Fabric P was found to have a smaller water vapor diffusion resistance than the other two double-layered fabrics and is therefore predicted to offer better thermal comfort than fabrics G and C, especially when worn in hot environments or for high-intensity work.
The diffusion/convection test comprises a series of measurements at different pressure gradients that are used to determine the relationship between the water vapor diffusion resistance and a pressure drop. For fabric V, the relationship between vapor diffusion resistance and pressure drop was almost linear (Fig. 16) . For fabric C, in contrast, the diffusion resistance dropped dramatically within the pressure drop range of À 2 to À 1 Pa. The change in the vapor diffusion resistance became much gentler when the pressure dropped to less than À 1 Pa. This information has implications for the evaluation of CPC comfort in specific environments.
Conclusions and Future Work
Physical and thermal comfort properties were assessed for six CPC materials using bench-scale test methods. The six fabrics showed significant differences in low-stress mechanical and surface properties obtained from KES tests. The differences in the physical properties reflect differences in the level of physical burden on the CPC wearer during movement. The physical burden/discomfort was further summarized through the analysis of five physical properties in one radar graph. The properties of thermal and evaporative resistance, air permeability, and DMPC diffusion/convection were tested in order to characterize heat and water vapor transfer properties. Correlation was found between results from the resistance to evaporative heat transfer (R et ) test and the DMPC test. The thermal comfort performance of the six CPC fabrics was analyzed based on the results in these tests. Our continuing work on this project involves the investigation of the effects of garment size, fit, and design on the comfort of CPC. Thermal manikin tests and human trials will be conducted.
